During the 2009---2010 H1N1 influenza pandemic, early case reports documented more severe illness among pregnant women than among the general population, as well as higher rates of hospitalization and intensive care unit admissions. 1, 2 Later reports confirmed the disproportionately severe clinical course among pregnant women infected with H1N1 influenza. 3---6 Public health organizations 7---9 and professional associations 10,11 strongly encouraged pregnant women to receive an H1N1 vaccination, and recent evidence suggests that the intensive vaccination campaign resulted in higher maternal vaccination rates during the pandemic than had been documented in previous influenza seasons.
12---14
Recommendations for routine vaccination of all pregnant women with inactivated influenza vaccine have been in place in Canada and the United States for a number of years. 15---18 Nevertheless, seasonal vaccination rates prior to the 2009---2010 pandemic year were low in the United States, 19---22 ranging from 0.7% to 20% (estimates were not available for Canada). In both countries, misconceptions about the risk of complications from influenza infection during pregnancy 23 and concerns about safety 12,23 are commonly cited reasons for not receiving an influenza vaccination, whereas care provider recommendations have been shown to increase vaccination rates.
12, 14, 24 Despite ongoing maternal concerns about vaccine safety, no evidence of serious harmful effects following influenza vaccination during pregnancy has been reported in the available studies on this topic 19---21,25---32 ; thus, vaccination is promoted as the best way of preventing maternal morbidity from influenza infection. 31 Theoretically, maternal influenza vaccination should also benefit the fetus by averting maternal illness and associated hyperthermia and other morbidity. 28, 31 Recent studies have reported a lower risk of preterm birth (PTB) 33 and small-for-gestational-age (SGA) infants 33, 34 among women receiving an influenza vaccination during their pregnancy. However, the impact of maternal influenza vaccination on fetal and neonatal outcomes has not been extensively evaluated, possibly as a result of low immunization rates and limited sample sizes that preclude assessment of rare outcomes. In Ontario, Canada, the 2009 pandemic H1N1 vaccination campaign started on October 26, 2009 ; high-priority groups, including pregnant women, were targeted. During the pandemic, Better Outcomes Registry & Network (BORN) Ontario collected influenza immunization information from all pregnant women who gave birth in the province. Using this large, population-based birth cohort, we examined the association between maternal H1N1 influenza vaccination and fetal and neonatal outcomes.
METHODS
We conducted a population-based retrospective cohort study of all singleton hospital births (20 weeks' gestation or more and birth weight ‡ 500 g) to Ontario residents between November 2, 2009, and April 30, 2010. We obtained our data from BORN Ontario's birth record database, which captures information on all hospital births in the province (approximately 140 000 live births and stillbirths across 109 hospital sites each year). Pregnancies that end in miscarriage before 20 weeks' gestation and terminations of pregnancy owing to fetal anomalies at any gestational age are not included in the database. Home births are currently captured in the Ontario Midwifery Program database and thus were not included in this analysis. Less than 2% of all births in Ontario take place at home under the care of a registered midwife.
Objectives. We evaluated the relationship between maternal H1N1 vaccination and fetal and neonatal outcomes among singleton births during the 2009-2010 H1N1 pandemic.
Methods. We used a population-based perinatal database in Ontario, Canada, to examine preterm birth (PTB), small-for-gestational-age (SGA) births, 5-minute Apgar score below 7, and fetal death via multivariable regression. We compared outcomes between women who did and did not receive an H1N1 vaccination during pregnancy.
Results. Of the 55 570 mothers with a singleton birth, 23 340 (42.0%) received an H1N1 vaccination during pregnancy. Vaccinated mothers were less likely to have an SGA infant based on the 10th (adjusted risk ratio [RR] = 0.90; 95% confidence interval [CI] = 0.85, 0.96) and 3rd (adjusted RR = 0.81; 95% CI = 0.72, 0.92) growth percentiles; PTB at less than 32 weeks' gestation (adjusted RR = 0.73; 95% CI = 0.58, 0.91) and fetal death (adjusted RR = 0.66; 95% CI = 0.47, 0.91) were also less likely among these women.
Conclusions. Our results suggest that second-or third-trimester H1N1 vaccination was associated with improved fetal and neonatal outcomes during the recent pandemic. Our findings need to be confirmed in future studies with designs that can better overcome concerns regarding biased estimates of vaccine efficacy. (Am J Public Health. 2012;102:e33-e40. doi:10.2105/AJPH.
2011.300606)
The BORN Ontario database operates on a secure Web-based platform. When a woman is admitted to the hospital to give birth, data are collected by health care providers and hospital staff from charts, clinical forms, and patient interviews and subsequently entered into the database (either directly or via electronic upload from a hospital's electronic patient record). The database contains information on maternal demographic characteristics, health behaviors, and reproductive history, as well as clinical information related to labor, birth, and fetal and neonatal outcomes. An ongoing program of data verification, quality checks, and formal training sessions for individuals collecting and entering data ensures that a high level of data quality is maintained. 35 
Measures
In response to the 2009 H1N1 influenza pandemic, BORN Ontario added 3 variables related to influenza to the database. Starting on November 2, 2009, hospitals and health care providers began collecting information on the following exposures at any time during pregnancy: H1N1, seasonal, or other influenzalike illness; antiviral treatment; and H1N1 or seasonal influenza vaccination. Our primary exposure of interest, H1N1 vaccination during pregnancy, was defined as receipt of an H1N1 vaccination either alone or in combination with a seasonal influenza vaccination. Women who did not receive an H1N1 vaccination were considered unexposed. Because the H1N1 vaccination program in Ontario started in late October 2009 and our study population was composed of women who delivered between November 2009 and April 2010, it follows that most women in the exposed group were immunized during their second or third trimester.
We examined the relationship between H1N1 vaccination during pregnancy and PTB (live birth at a gestational age below 37 weeks), very PTB (live birth at a gestational age below 32 weeks), SGA birth (singleton, live birth below the 10th percentile of the gender-specific birth weight for gestational age distribution), 36 severe SGA birth (below the 3rd percentile), 5-minute Apgar score below 7, and fetal death (intrauterine death at ‡ 20 weeks' gestation).
Individual-level characteristics considered as possible confounders for each outcome included maternal age, parity, history of PTB, smoking during pregnancy, chronic hypertension, a composite measure of maternal medical comorbidity (any of the following preexisting medical conditions: asthma, chronic hypertension, insulin-dependent diabetes, non-insulindependent diabetes, or heart disease), pregnancy-induced hypertension, preeclampsia, a composite of obstetrical complications during the pregnancy (e.g., pregnancy-induced hypertension, preeclampsia, gestational diabetes, placenta previa), and a composite of intrapartum complications during labor or birth (e.g., cord prolapse, intrapartum bleeding, meconium).
To obtain information on socioeconomic status, we used Statistics Canada software 37 to link birth records to information from the long form 2006 Canadian census (administered to a 20% random sample of the population) via maternal postal codes. Each record was assigned to a dissemination area to extract neighborhood-level information on highest level of attained education, median family income, and concentration of immigrants. All neighborhood-level variables were converted into quintiles prior to analysis, with each quintile containing approximately one fifth of the total Ontario population but not necessarily one fifth of the births in our study population.
Statistical Analyses
Cumulative incidence rates of each study outcome were calculated among women who received and did not receive an H1N1 vaccination during pregnancy. We used logistic regression to compare risks for each outcome between the exposure groups by calculating unadjusted risk ratios (RRs), estimated from odds ratios, along with 95% confidence intervals (CIs). We subsequently used multivariable regression to calculate adjusted risk ratios and 95% confidence intervals. All multivariable models were adjusted for maternal age, neighborhood education, and neighborhood family income.
To identify other confounding factors, we used v 2 tests to evaluate the association between each potential confounder and the exposure (H1N1 vaccination). If the resultant P value was below .05 (indicating an association between the factor and exposure) and the factor was associated with a given outcome (based on the literature), it was considered a confounder of the relationship between H1N1 vaccination and the outcome. Additional confounding factors thus identified were added to each multivariable model. To account for the nonindependence of neighborhood-level variables, we used general estimating equation methodology with the dissemination area as the clustering unit.
We assessed the robustness of our findings by undertaking a number of sensitivity analyses whereby we repeated the primary analyses within different subgroups of women (i.e., lowest 2 and highest 2 family income quintiles and women with and without a medical comorbidity). We also repeated our primary analyses after excluding women who had received a seasonal influenza vaccination (in combination with an H1N1 vaccination).
Records with missing information on any of the variables in a given model were excluded from the regression analyses. We used v 2 tests to compare the characteristics of women who were missing information on H1N1 vaccination with the characteristics of women with complete information. We also undertook a subgroup analysis that excluded large hospitals (i.e., those with more than 1000 births per year) in which more than 10% of records were missing information for H1N1 vaccination during pregnancy and another subgroup analysis that excluded birth records from the month of November 2009. SAS version 9.2 for Windows (SAS Institute Inc, Cary, NC) was used in conducting all analyses.
RESULTS
Of the 55 570 women with a singleton birth between November 2, 2009, and April 30, 2010, 23 340 (42.0%) received an H1N1 vaccination during pregnancy. Of these 23 340 women, 21 363 (91.5%) received only an H1N1 vaccination and 1977 (8.5%) received both an H1N1 and a seasonal influenza vaccination. Table 1 presents the distribution of individual-and neighborhood-level variables for the vaccinated and nonvaccinated groups, along with the proportion of women who received an H1N1 vaccination during their pregnancy within each level of the study variables. H1N1 vaccination rates were higher in the older age groups than in the younger age groups ( > 40% among women aged 25 years or older vs approximately 30% among women younger than 25 years) and highest among women who gave birth in the month of January 2010 (47.5%). In addition, rates were higher in the top quintiles of neighborhood education and income than in the lower quintiles.
Rates and risk ratios for each study outcome are shown in Table 2 . Although the rate of PTB at less than 37 weeks was lower among infants born to H1N1-vaccinated mothers than among those born to nonvaccinated mothers (5.91 vs 6.44 per 100 live births), the risk ratio was close to the null, and the 95% confidence interval included the null value. We found a significantly reduced risk of very PTB (< 32 weeks) among infants whose mothers received H1N1 vaccine after adjustment for maternal age, chronic hypertension, pregnancy-induced hypertension, preeclampsia, history of PTB, smoking, family income, and educational level (adjusted RR = 0.73; 95% CI = 0.58, 0.91). A null association was observed between H1N1 vaccination and 5-minute Apgar score below 7.
Infants of H1N1-vaccinated mothers were less likely to be SGA based on the 10th and 3rd percentiles for growth, with a larger magnitude of effect observed for the latter, more extreme measure of poor fetal growth (adjusted RR = 0.90; 95% CI = 0.85, 0.96, vs adjusted RR = 0.81; 95% CI = 0.72, 0.92). The 139 fetal deaths recorded in the nonvaccinated group and the 60 deaths recorded in the vaccinated group resulted in rates of 4.31 and 2.57 per 1000 total births, respectively. After adjustment for maternal age, smoking, family income, and education, a significant inverse association between maternal H1N1 vaccination and fetal death was observed (adjusted RR = 0.66; 95% CI = 0.47, 0.91).
The sensitivity analyses within strata representing more homogeneous subgroups of women generated results congruent with the primary analyses. With the exception of PTB outcomes among women in the lowest 2 quintiles of family income, the direction and order of magnitude for point estimates were similar in each stratum evaluated. The main difference was wider confidence intervals, resulting from the smaller sample size within each subgroup. Approximately 12% of records (n = 7537) were missing information on H1N1 vaccination during pregnancy and were excluded from our analyses. We compared records with and without complete information on H1N1 vaccination and found no differences with respect to maternal age, urban residence, maternal medical comorbidity, or smoking. There were statistically significant differences between the 2 groups in parity, income, education, and month of delivery; with the exception of month of delivery, however, the differences were very small (absolute difference of < 1% in the proportion of missing records between strata) and not clinically informative.
We carried out a subanalysis that excluded 6259 records from 18 large hospitals where more than 10% of records were missing exposure information, as well as a subanalysis that excluded records from deliveries in the month of November 2009 (for which a higher proportion of records were missing exposure information). Within these 2 subsets of our study population in which a smaller proportion of remaining records had missing vaccination information, the outcomes were qualitatively consistent with our main results (data available on request).
DISCUSSION
We found that pregnant women who received an H1N1 vaccination were less likely to have a very preterm infant, an SGA infant, or a fetal death, even after consideration of important confounding factors. To our knowledge, this is the largest populationbased study on the effects of maternal influenza immunization on fetal and neonatal outcomes. Furthermore, this study provides evidence from a single, contemporary influenza pandemic in which maternal vaccination rates were much higher than usual and there was a very strong match between the circulating influenza virus and the strain used in the vaccine.
Maternal influenza has been associated with adverse birth outcomes in past pandemics 38, 39 and nonpandemic years 40 in addition to the 2009---2010 H1N1 pandemic. 41 Thus, the biological rationale supporting the validity of an association between maternal H1N1 vaccination and improved fetal and neonatal outcomes is that averted maternal infection and associated morbidity protects the developing fetus. We were unable to directly explore this hypothesis in our study because we did not have adequate information on maternal influenza infection to establish whether the beneficial effects of vaccination were due to prevented H1N1 illness. Two recent studies that revealed lower PTB 33 and SGA 33, 34 rates among vaccinated women, particularly during periods of maximum influenza viral activity, lend support to this explanation; nevertheless, additional research is needed to fully understand influenza vaccine effectiveness with regard to fetal and neonatal outcomes. The lack of ability to distinguish a true vaccine effect from an effect arising from underlying (and unaccounted for) differences in vaccinated and unvaccinated groups is known to beset studies of influenza vaccine effectiveness in which observational designs are used. 42, 43 In the elderly population, important vaccination selection factors have been implicated; in particular, healthier individuals may preferentially receive influenza vaccinations, leading to a bias of the effectiveness estimate away from the null value, often to a degree that is biologically implausible depending on the outcome under study. 42, 43 Although obstetrical concerns may arise during a pregnancy (e.g., active bleeding) that render care providers less likely to recommend influenza vaccination for their patients, generally speaking the obstetrical population comprises reproductive-aged women who are mostly healthy, and thus "healthy vaccinee" selection bias should be less of a concern in this population than in the elderly population. Indeed, the higher H1N1 vaccination rates in our study among women with preexisting medical comorbidities than among women without comorbidities support this assumption.
Nevertheless, we cannot discount the possibility that despite our multivariable analyses, residual confounding from other underlying differences in the characteristics of women who did and did not receive an H1N1 vaccination during the pandemic may have been responsible for some or all of the risk reductions in our study outcomes. Study designs that make use of the unique seasonality patterns of influenza viruses by evaluating vaccine efficacy during periods when influenza viruses are circulating (vaccine effect is expected) and not circulating (vaccine effectiveness is expected to be zero) can help in distinguishing true vaccine effects from those arising as a result of selection bias or residual confounding. 42 Such designs represent an important direction for future research in this area.
In our study, we observed a significant protective relationship between H1N1 influenza vaccination during pregnancy and risk of fetal death that persisted even after adjustment for maternal age, smoking, income, and education. Although the possibility that residual confounding from socioeconomic differences or an unmeasured health condition or behavior was responsible for the reduction in fetal death cannot be dismissed, the robustness of our findings was supported by subanalyses that revealed consistent results even within strata representing more homogeneous groups of women. Biological mechanisms that support the validity of an inverse relationship between maternal H1N1 vaccination and fetal death include the explanation that prevention of maternal influenza precludes subclinical infection in the mother that is fulminant in the fetus, leading to sepsis and death.
To our knowledge, only 2 other studies have examined the effects of maternal influenza vaccination on fetal death. Results of a retrospective matched analysis of 1051 healthy pregnant women during 5 consecutive influenza seasons in a single clinic in Texas showed that there were no fetal deaths in either the immunized or nonimmunized group. 19 Another study of 706 pregnant women in Minnesota during the 1976 influenza season 44 recorded 1 stillbirth in both the nonimmunized and immunized groups. However, these studies had insufficient statistical power to evaluate a rare outcome such as fetal death, and their external validity was limited because of geographically restricted source populations and rates of fetal death that were not comparable to background population rates. Conversely, the rate of fetal death in our study population (3.58 per 1000) was comparable to the provincial rate during the preceding year (4.04 per 1000 in 2008). 45 Despite very different contexts and study designs, our finding that mothers who received an H1N1 vaccination during pregnancy were less likely to have an SGA infant is consistent with a secondary analysis of data from a randomized clinical trial of influenza vaccination during pregnancy in which Steinhoff et al. observed an adjusted odds ratio of 0.44 (P = .05) for SGA. 34 Another recent study conducted by Omer et al. generated an odds ratio of 0.31 (95% CI = 0.13, 0.75) for SGA during a period characterized by widespread influenza activity. 33 In our study, the magnitude of the effect for SGA was less extreme (3rd percentile adjusted RR = 0.81) but more precise. We are not aware of any other studies of maternal influenza vaccination that have included SGA as an outcome. Those in which birth weight has been used have reported no significant differences in mean birth weight or the proportion of low-birth weight infants (< 2500 g) 20, 26 ; however, these are both poor outcomes for evaluating growth restriction because low birth weight is predominantly driven by PTB. Consistent with some 19, 21, 26, 34 but not all 33 other studies, the relationship between maternal H1N1 vaccination and PTB at less than 37 weeks was not significant in our adjusted analysis. However, an examination of differences in the proportion of infants born very preterm (i.e., < 32 weeks) showed that vaccinated women had a substantially reduced risk (by 27%). The null effect of the association between vaccination and PTB at the 37-week threshold and the significant protective effect at the 32-week threshold are clinically important given that the latter is unlikely to be iatrogenic and probably reflects an underlying biological mechanism for early delivery. Although the pathophysiology of preterm birth is not fully understood, maternal infection has been identified as a risk factor. 46 
Strengths and Limitations
Methodological strengths of this study include the large population-based cohort and the unprecedented vaccination rate, which allowed generation of relatively stable estimates for even rare outcomes. Neither misclassification of the outcomes nor differential ascertainment of outcomes between exposure groups was likely to occur given that data on these definitive fetal and neonatal outcomes are well documented in medical records and gathered as part of an ongoing data collection system independent from this study. Women are typically cautious about use of medications or other substances during pregnancy because of concerns about safety to the fetus, and thus misclassification of the exposure is unlikely. Because all singleton deliveries in Ontario were included, there was no introduction of selection bias.
Information on maternal demographic characteristics, reproductive history, preexisting medical conditions, neighborhood income and education, and health behaviors such as smoking was available, allowing adjustment for many confounding factors. Nevertheless, we did not have information on other potential confounders such as adequacy of prenatal care, and we relied on neighborhood-level variables for data on socioeconomic factors, which may not be suitable substitutes for individual-level measures.
Residual confounding is a concern in observational studies of vaccine effectiveness, 42, 43 and we cannot dismiss the possibility that it may have been responsible for some or all of the observed risk reductions in our study. However, sensitivity analyses among more homogeneous strata of our study population (e.g., groups stratified by neighborhood income or maternal medical comorbidities) yielded results that aligned closely with our primary analyses, providing additional support for our findings.
Several other limitations merit discussion. Information on date of H1N1 vaccination was not collected, and thus it is possible that some women delivered within 14 days of immunization, before full immunity from the vaccine could be achieved. However, because this would likely have given rise to nondifferential misclassification of the exposure, the point estimates would be biased toward the null value. The lack of information on vaccination date also precluded us from evaluating whether there were trimester-specific effects. Because the majority of women in our study cohort were vaccinated during the second or third trimester of pregnancy, our findings cannot be extrapolated to women who were vaccinated during the first trimester. The absence of data on timing of vaccination and on occurrence and timing of influenza illness also prevented us from examining whether the effect of vaccination on study outcomes was through prevention of influenza.
We found that missing exposure information was not entirely random; however, it is unlikely that the missing information would have introduced significant bias, given that there is no reason to suspect that the relationship between the exposure and outcomes would differ between these women and women for whom complete vaccination information was obtained. Analyses of subgroups of our study population with lower percentages of records missing exposure information yielded results that were consistent with our primary analyses.
Finally, despite the vaccine effectiveness observed in this study, the degree of benefit from influenza vaccination is specific to each season. The effect of influenza vaccination among pregnant women, even if real, may not be measurable or appreciable in future seasons with lower morbidity or a less precise match between the vaccine and the circulating virus.
Conclusions
Our results, obtained with a large birth cohort during a contemporary influenza pandemic in which there were unprecedented rates of maternal vaccination and a strong match between the vaccine and circulating influenza virus, suggest that maternal H1N1 influenza vaccination in the second or third trimester of pregnancy was associated with a reduced risk of PTB at less than 32 weeks, SGA neonates, and fetal death. This study contributes to the growing literature on influenza vaccination during pregnancy and fetal and neonatal outcomes. Nevertheless, our findings should be considered preliminary and need to be confirmed in future prospective studies, particularly those that can reduce potential bias through the use of designs that exploit the seasonality of influenza viruses to evaluate vaccine efficacy during both noninfluenza (when vaccine effectiveness is expected to be zero) and influenza (when a true effect is expected) time periods. 
